The X-ray Powder Diffraction (XPD) Beamline at the National Synchrotron Light Source-II is a multipurpose instrument designed for high-resolution, high-energy X-ray scattering techniques. In this article, the capabilities, opportunities and recent developments in the characterization of radioactive materials at XPD are described. The overarching goal of this work is to provide researchers access to advanced synchrotron techniques suited to the structural characterization of materials for advanced nuclear energy systems. XPD is a new beamline providing high photon flux for X-ray Diffraction, Pair Distribution Function analysis and Small Angle X-ray Scattering. The infrastructure and software described here extend the existing capabilities at XPD to accommodate radioactive materials. Such techniques will contribute crucial information to the characterization and quantification of advanced materials for nuclear energy applications. We describe the automated radioactive sample collection capabilities and recent X-ray Diffraction and Small Angle X-ray Scattering results from neutron irradiated reactor pressure vessel steels and oxide dispersion strengthened steels.
Introduction
There is a critical need to apply advanced characterization techniques to radioactive materials to inform life extension for current nuclear reactors and to promote understanding and development of radiation resistant alloys and nuclear fuels for advanced reactors [1] [2] [3] [4] [5] [6] . In addition, data is required for validation and verification of computational simulations of material performance including embrittlement, swelling and creep of materials exposed to high neutron flux [1, 7, 8] . High-energy X-ray Powder Diffraction (XRD), Pair Distribution Function analysis (PDF) and Small Angle X-ray Scattering (SAXS) offer bulk, nondestructive characterization that is complementary to electron microscopy and atom probe tomography for characterizing nuclear fuels and structural materials [9, 10] .
Fully exploiting synchrotron techniques for radioactive materials is difficult due to shielding and radiation controls required at the synchrotron beamline. In addition, there are time-consuming barriers to synchrotron access for new users, including a safety review process that, despite efforts at standardization, is frequently performed on an ad hoc basis for radioactive materials. In addition, the choice of advanced techniques is material and application specific, further complicating the experience and increasing the risk of obtaining insufficient or unusable data for new users. Employing advanced techniques can require new collection and analysis methods tailored specifically for these samples.
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Our unique approach is to enable researchers with radioactive materials to more fully exploit the high-throughput experimental capabilities at the X-ray Powder Diffraction Beamline (XPD) at the National Synchrotron Light Source-II (NSLS-II) by developing equipment, experimental protocols, data collection and data analysis strategies specifically tailored for radioactive samples. The baseline equipment of XPD includes a robotic sample manipulator and sample magazines for handling large batches of samples with minimum time overhead. Its scope of operation has been extended to manipulate samples thereby reducing radiation exposure to users and promoting more efficient use of beamtime. The small plastic holder inserts (see Fig. 1 ) allow users to load radioactive materials into containment at their home institutions. Scripts for accelerating data reduction and analysis were developed for the applications shown here and will be integrated into the software available for use at XPD. A high-energy SAXS experimental set-up was designed and implemented to be used with the robot. Together these hardware and software developments improve access for characterizing radioactive materials at XPD and are available to all users of the National Synchrotron Light Source-II (NSLS-II). The data generated by improved user access for performing synchrotron experiments are ultimately expected to provide new insight into the microstructure of radioactive materials. In this article, we describe the recently installed experimental infrastructure and data analysis software located at the XPD beamline of the NSLS-II, specifically to accommodate radioactive materials. We outline the capabilities, operation and performance (with representative examples) of XPD. We also describe how to access the experimental equipment and software specialized for radioactive samples through the Nuclear Science User Facilities (NSUF) or the NSLS-II General User Program.
Beamline description
The X-ray Powder Diffraction (XPD) beamline is designed to be a multi-instrument facility with the ability to collect diffraction data at high monochromatic X-ray energies (40-70 keV), offering rapid acquisition (sub-second) as well as high angular resolution capabilities [11] . The X-ray source is a 7 m long 1.8 T damping wiggler (DW100) which feeds two independent branchlines. One branchline serves two endstations and constitutes XPD. The endstation shown in Fig. 1 can operate in two different modes: high flux mode and high resolution mode. In the high flux mode (with 500 mA current in the stored electron ring), X-ray fluxes at the sample position exceed 10 13 The core characterization techniques available at XPD include XRD data, Pair Distribution Function analysis (PDF), and Small Angle X-ray Scattering (SAXS). The SAXS addition is shown specifically in Fig. 1(b) . All techniques are optimized for transmission geometry, and reflectionmode XRD can be configured with a reduced vertical beam size. The combination of high-energy and high-flux capabilities available at XPD is advantageous for the structural characterization of high-Z materials, thick engineering-scale samples and samples in containments, all of which are intrinsic to nuclear materials. A robotic sample manipulator is also installed at XPD to promote rapid data collection and highthroughput operation on large batches of samples. In this work, we show how the robot operations can be tailored for unmanned sample manipulation of radioactive (and hazardous) samples. The SAXS technique and sample holders to provide containment for use with the robot were specifically developed for the high-throughput analysis of neutron irradiated reactor pressure vessel steels, to quantify radiation-induced precipitate phases [12] .
For quantitative SAXS measurements, several pieces of equipment were implemented to improve the signal-to-noise ratio and accessible -range, including an evacuated flight tube and small beamstop (2-mm diameter) and photodiode. The primary goal of the flight tube was to reduce the parasitic air-scatter. The flight tube used was 2.75-m long, with a diameter of 0.15 m and was sourced from the NSLS. The flight tube dimensions put a physical restriction on the usable -range (∼0.8 Å −1 at 52 keV). The air gap between the sample and the flight tube could be minimized to improve the reduction in air scatter. For this to be achieved, the photodiode could potentially be placed within the flight tube or within the beamstop at the distal end on the flight tube in front of the detector [13, 14] . A larger diameter flight tube will give access to higher Q, and an overall larger -range. Alternatively, the incident X-rays could be increased to higher energy, although this will negatively affect the low -range. The effect of the beamstop size is to increase/decrease the -min and, therefore, the obtainable feature size. A smaller beamstop results in a lower -min and an increase in the obtainable feature size. The energy, sample-to-detector distance, beamstop diameter and -range are given in Table 1 for XPD.
Infrastructure for nuclear materials
All radioactive samples, regardless of form, must have at least a single layer of containment at the NSLS-II. This requirement is typically satisfied by a single layer of Kapton tape for solid samples (140 μm). For dispersible or powdered radioactive samples, three layers (or three nested Kapton capillary tubes) of containment are required. Additional limits are placed on the amount of transuranics allowed at XPD. General Use equipment, including sample holders (which also serve as containment) and sample magazine, was installed at XPD and has been recently customized for use with radioactive samples. The sample holders designed for transmission geometry are shown in Fig. 1(c) . The holder consists of a metallic base, plastic insert for mounting the sample, and magnetic ring to fasten the plastic insert onto the sample base. Each base is bar coded, so that it can be read by a camera at the base of the robot at XPD. The plastic inserts were produced by machining ABS plastic and the magnets were purchased from Amazing Magnets (Anaheim, CA). Solid samples can be wrapped in Kapton tape, and then loaded into the sample holder insert between two additional pieces of Kapton at the user's home institution. The inserts are mounted on the sample holders and placed in the magazine at XPD. The entire procedure can take less than one minute, minimizing personnel exposure to the samples.
With the robot (Stäubli) and sample containment equipment, XPD can be declared and posted as a ''Radioactive Materials Area'' during a scheduled beamtime and can accommodate a total dose rate of 0.1 rem/h at 30 cm. The magazines are designed to hold 20 samples. If the sample activity is relatively low (∼5 mrem/h at 30 cm), 20 samples can be loaded into each magazine for high-throughput measurements. Alternatively, one more highly active sample may be close to the limit. In this case, each magazine will hold one sample and the robot will be used primarily to reduce personnel exposure during data collection. The limits on activity at the beamline are based on limiting exposure to workers. The activated steel samples described below have a large -radiation component to which the Kapton containment provides partial shielding. Single samples up to the activity limits have been characterized.
Software capabilities
Python scripts were developed to enable the batch processing of XRD data using TOPAS (Bruker). The data flow for the XRD analysis is shown in Fig. 2 . For quantitative line profile analysis, the user needs to measure an XRD standard (such as LaB 6 or CeO 2 ) and to identify the phases present in each sample. Fitting the data is then completed automatically for any number of similar samples, or evolution of phases as a function of stimulus (time, temperature, field, etc.). The python scripts also perform limited error checking and flag samples that do not meet the userspecified parameters (e.g., lattice parameters, phase fraction, grain size, microstrain). The scripts assist with data visualization and can be used to plot any refined parameter (such as lattice parameter, phase volume fraction, lattice strain or domain size) versus sample index/number.
In SAXS, variations in the scattered intensity come from the electron density fluctuations between the scattering objects and the host matrix [15] . The SAXS scattered intensity, as a function of 2 or scattering vector ( = 4 sin ∕ ), is inversely proportional to a characteristic distance , in the sample: = 2 ∕ where the size of the scattering features is large compared to the inter-atomic distances. SAXS data can thus be used to obtain information on the size, shape, volume, and total surface area of the scattering centers, as well as the characteristic distances between ordered or partially ordered scattering centers [15] [16] [17] .
Uncalibrated SAXS intensities are typically reported in arbitrary units and are a function of sample thickness, scattering geometry, and measurement time. Meaningful analyses, such as Guinier fits or size distributions, can be performed on uncalibrated intensity data to determine the size distribution of scattering centers. Quantitative determinations of the volume fraction of the scattering centers, however, require the scattering intensity to be calibrated on an absolute scale. The absolute intensity is expressed as the ratio of the measured scattering intensity to the incident beam intensity and necessitates the measurement of the incident and transmitted beam intensity [15] [16] [17] [18] . The absolute scattering intensity for high-energy X-ray beamlines and neutron scattering beamlines is routinely measured using a calibrated sample (glassy carbon) [18] . This method is employed at XPD to calibrate the scattering intensity. The incident and transmitted intensities are directly monitored with a photodiode and empty-field images are collected to correct for Kapton containment and air scatter. A software package in Python that performs the necessary pre-processing steps on images collected for the SAXS setup specific to XPD was developed. The stand-alone software has a graphical user interface (GUI) for easier access for new users. The software is capable of averaging multiple 2D images and correcting the intensity with the aid of a text file that lists the incident and transmitted intensities, sample thickness and associated empty-field files and correction factor (from analysis of the glassy carbon standard). The resulting calibrated 2D images can then be imported and integrated/converted to 1D scattering patterns for refinement to determine particle size and volume fraction, provided the scattering length density of the matrix and precipitate are known. Fig. 3(a) shows the SAXS patterns collected for a glassy carbon standard collected at XPD and at the Advanced Photon Source used to calibrate the scattering intensity [18] . The ability to calibrate the scattering intensity allows the quantitative determination of volume fractions at XPD. Fig. 3(b) shows a comparison between the XRD patterns collected at X17A (NSLS) and XPD for the same sample of reactor pressure vessel steel. The patterns are from a single 0.05 s (XPD) and 5 s (X17A) collection time with 100 accumulations. The patterns collected at XPD have better signal-to-noise ratio, sharper peaks, and better resolution between peaks, due to the smaller energy band-pass of the incident X-ray beam and thus better resolving power ( = 9 × 10 −4 at 52 keV) [11] . The enhanced resolving power can be used to identify minor impurity phases within radioactive materials. The count times at XPD required to achieve a high-quality pattern were also orders of magnitude lower (0.05 s) compared to X17A (5 s and higher), the result of a much higher photon flux. 6. First-light science at XPD: reactor pressure vessel steels and oxide dispersion strengthened steels Fig. 4 shows a comparison of the XRD patterns collected for a series of neutron irradiated reactor pressure vessel steels (an unirradiated pattern is also included for reference). Qualitatively, all samples show that irradiation induces a decrease in the FCC domain size; an increase in the strain of the BCC matrix (slight broadening of the BCC peaks); and subtle changes in the peak positions associated with the iron and molybdenum carbide phases (Fe 3 C, Mo 2 C). The slight increase in the structured background is potentially due to the formation of small nmscale precipitates. Fig. 5(a) shows a representative example of the background corrected SAXS intensity, as a function of scattering vector Q, for an unirradiated and irradiated high-Cu, high-Ni reactor pressure vessel steel sample [12] . The scattering intensity at low-Q is attributed to carbide particles (with sizes of ∼40-70 nm). The scattering changes significantly in the irradiated pattern, with increased scattering amplitude at intermediate and high-Q. This increase in scattering amplitude is directly attributable to the formation of new nm-scale Mn-Ni-Si late blooming phases. Fig. 6 shows the (a) XRD and (b) SAXS patterns for a series of oxide dispersion strengthened steels (MA957) annealed at different temperatures. Fig. 6(a) shows that in addition to the main BCC matrix phase, small peaks associated with the oxide particles 1 [19] are visible in all samples (phases are labeled for reference). These oxide peaks increase in intensity with increasing annealing temperature due to particle growth. The pronounced contribution to the scattering intensity shown in Fig. 6(b) for all samples clearly reflects the low electron density of the 2 Ti 2 O 7 oxide particles compared to the matrix. The SAXS patterns in Fig. 6(b) also show that the annealing leads to particle growth, with an increase in annealing temperature leading to a shift to lower-. The largest particle growth is observable in the 1200 • C pattern, with shift to lower-and decrease in intensity from scattering features in the intermediate -range of 0.03 ∼0.55 Å −1 .
SAXS and XRD performance of XPD

Access to XPD
The equipment, characterization techniques and software described here are available to the nuclear community through multiple routes. The first access route is available through a partner agreement between the Nuclear Science User Facilities (NSUF) and the Nuclear Science and Technology Department (BNL), where 6% of user beamtime available at 1 Markers for the 2 TiO 5 phase have not been included in the figure due to the significant number of hkl's associated with this phase. We note that this phase is, however, present as previously discussed [19] . The markers shown are for the BCC Fe, TiO and
XPD is dedicated to NSUF proposals [https://nsuf.inl.gov/]. The second access route is through the general user proposal system at the NSLS-II [https://www.bnl.gov/ps/].
Summary/conclusions
1. Custom sample holders and a sample magazine for radioactive materials are available for use with the robot at the XPD beamline. A set of commands to control the robot work with the existing software that coordinates the diffractometer motions and data collection at the beamline. Therefore, the hardware and software were tested and are operational for the robot. The robot is available during beamtime in future cycles. 2. The SAXS capability has been successfully implemented at the XPD beamline. SAXS data is essential to determine the size and volume fraction of irradiation-induced precipitates in reactor pressure vessel steels. The work included determining the available -range, based on the beam size and physical restraints at XPD, including the maximum allowable distance the detector could be placed away from the sample position (2.9 m). Installation of equipment for SAXS at XPD includes a ∼2.7 m long flight tube, a photodiode on the diffractometer to measure the initial and transmitted beam intensity, and a rail system to position the detector. 3. Benchmark XRD experiments were performed on a series of reactor pressure vessel steel samples and compared to previously measured XRD patterns at the NSLS. First-light XRD and SAXS measurements performed on reactor pressure vessel and oxide dispersion strengthened steel samples exemplify XPD's capabilities in characterizing nm-scale features in nuclear materials. The enhanced performance creates opportunities to characterize minor phases in radioactive materials. 4. The XPD, the hardware for radioactive samples, and analysis software can be accessed directly through the general user proposal system and through the NSUF proposal system.
